Fresh tissues were taken for light microscopy from the trabeculae cameae at the right ventricular base, apex, left ventricular base, and apex of four normal canine hearts and nine whose pulmonary artery had been banded for 7 to 48 weeks. After banding, the width of the intercalated disc at the right base, 1.34 ± 0.10 /x (mean ± SE), was greater than at the right apex, 1.02 ± 0.09 fi (P< 0.002); both were greater than the normals (P< 0.005 and P<0.001). The intercalated discs were wider than corresponding normals in only three hearts at the left base and six at the left apex. The mean widths of the discs correlated positively with both ventricular wall thickness and weight in the right ventricle but not in the left. Structures characterized by two, three, or four transverse segments of discs lying along the same myofibrils, each two of which are separated by 1 to 10 sarcomeres, have been named multiple intercalated discs. In six of the nine hearts whose pulmonary artery2 was banded, there were more multiple discs per mm 2 at the right base and right apex than in the corresponding normals (P<0.02). In five of these, the number of multiple discs per mm was greater at the right base than in the corresponding apex (P< 0.001). There2 was no significant increase in the number of multiple discs per mm in either the left base or left apex of the experimental animals compared to controls. After banding the pulmonary artery, tension increases in the right ventricle and this stimulates a broadening of the folds of the discs and then triggers a mechanism for the formation of new sarcomeres, perhaps involving multiple intercalated discs.
We have reported that the myocardial cell, when stimulated to hypertrophy, increases its length by addition of new sarcomeres (16) . Our observation that glycogen increases in the area of the intercalated disc in the hypertrophied right ventricle (17) suggests that the intercalated disc may be metabolically active and the site for the formation of new sarcomeres. These observations stimulated the following qualitative and quantitative study of the intercalated disc at the bases and apices of the right and left ventricle in normal canine hearts and in dogs whose pulmonary artery had been banded.
Methods

PREPARATION OF ANIMALS AND TISSUES
In mongrel dogs, right ventricular systolic pressures ranging from 48 to 90 mm Hg produced by banding the main pulmonary artery. After 7 to 48 weeks of banding, the dogs were anesthesized with sodium pentobarbital, 27 mg/kg iv, and killed. The hearts were rapidly removed AND perfused with 6.25% Palade's buffered gluteraldehyde at 10° C for 2 hours. Tissues 3 to 5 mm in diameter were taken from trabeculae carneae at the bases and apices of the right and left ventricles of nine pulmonary arterial banded (experimental) and four normal (control) hearts. The tissues were rinsed in buffer, post fixed in 1% osmium tetroxide in buffer, Light micrographs of the types of intercalated discs in the hypertrophied canine heart. Top left: Normal arrangement of the intercalated disc in the "step" configuration; top right, bottom left and right: multiple intercalated discs. Note that the individual transverse segments\_ of the m u l t i p ly in tercalated disc lie along the same myofibrils. Also note the numberof sarcomeres between the tran CircvtMiian Rrwth. Vet XXVff, StP's^tbrr rinsed, dehydrated in alcohol, and embedded in Epon 812. For light micToscopy h K-to 1/A-thick sections were taken and stained with azure II methylene blue. Thin sections taken for electron microscopy were stained with uranyl acetate and lead citrate. All dogs used were 1-to 2-years old.
Electron Microscopy.-Thin sections were examined with a JEM 7a electron microscope at an accelerating voltage of 80 kv. A 200/t condenser aperture and a 50^u, objective a perture were
QUANTITATIVE STUDY
Using a Zeiss Universal Light Microscope at a magnification of X1562, the maximum rectangular area of each tissue section was surveyed. Length and width were measured with a micrometer eyepiece; the average tissue section area was 0.34 mm 2 .
Since multiple intercalated discs have not been previously reported, for purposes of identification we have defined them as two, three, OR four transverse segments of the intercalated disc lying l hesame myofibrils, eacht wo of which are 394 LAKS, MORADY, ADOMIAN, SWAN
Comparison of intercalated disc widths in the right ventricular base and apex in four normal and nine experimental dogs. The system of numbering the dog is arbitrary; no time relationship is implied.
separated by a maximum of 10 clearly distinguishable and continuous sarcomeres (Figs. 1 and 2). To avoid duplication, the multiple intercalated discs were counted using a nonoverlapping scanning pattern. The number per square millimeter was obtained for every tissue section by dividing the number counted by the calculated tissue area.
Photographs of the tissues were taken with a 4x5 camera mounted on a Zeiss Universal Microscope. High contrast prints were made at a magnification of X2000. Intercalated discs were measured with a Paragon K + E millimeter ruler. In each case, the maximum width of the intercalated disc was measured on a line parallel to the myofibrils. In this study, the width was defined as the maximum interdigitations or folds of each transverse step of the intercalated disc, as opposed to the width of the entire disc, which may include several transverse steps joined by longitudinally connecting membranes. Variability due to sampling and measurement was less than 3%. Statistical analysis was performed using the standard t-tests (18) . The animals were not considered to be in heart failure because there was no liver or lung congestion, pleural effusion, or ascites, and the end-diastolic pressure in the right ventricles was normal.
Results
Right Ventricular
Pressures.-In the experimental dogs, the right ventricle (RV) systolic pressures, 48 to 90 mm Hg, were significantly Frequency distribution of intercalated disc widths in normal and experimental hearts.
mental hearts, the weight of the right ventricle was greater than the normal in eight (P<0.001), that of the left ventricle (LV) was greater than the normals in only four (F>0.05, Table 1 ). Ventricular Wall Thickness.-In the experimental hearts, the wall thicknesses were greater at the bases than at the apices (P<0.001); both were greater than the normals (P< 0.002). In addition, although there was no significant increase in their mean (P>0.05), the LV wall thicknesses were greater than the normals in four of the nine hearts (Table 1) .
Intercalated Disc Width.-After banding the pulmonary artery, the mean width of the intercalated disc at the base of the RV, 1.34±0.010/i, (SE), was greater than at the apex, 1.02±0.09/* (P<0.002, Fig. 3) ; both were greater than the normals (RV base, 0.67+0.02/*, P< 0.005; apex, 0.70 ± 0.06/x, Light micrographs of intercalated discs in canine hearts. Note the marked increase in complexity and width of the transverse steps of the intercalated discs in the hypertrophied hearts. Circulation Research, Vol. XXVU, September 1970 P<0.01; Table 2 , Fig. 4 ). The percent of the disc widths at the right base greater than 1.0FI was 77% in the experimental hearts and 8% in the normals (Fig. 5 ). Of the nine hearts, the widths of the intercalated disc were greater in only three LV bases and six apices compared to corresponding normals ( Table  2) .
In the RV, the widths of the intercalated disc correlated postively with both ventricular wall thickness (base: r = 0.76, P< 0.005; apex: r = 0.90, P<0.001) and weight (base: r = 0.75, P< 0.005; apex: r = 0.61, PX0.05; Figs. 6 and 7); in contrast, the LV did not demonstrate this relationship.
Multiple Intercalated Discs-In six of the nine experimental hearts, the right bases and apices had more multiple intercalated discs per square millimeter than the corresponding normals (P<0.02). In five of the above six RV bases, the number of multiple intercalated discs per square millimeter was greater than the corresponding apices (P<0.001, Fig. 8 ); these increases occurred between 17 and 40 weeks after banding the pulmonary artery (Table 3) Correlation between intercalated disc width and ventricular wall thickness. Correlation between intercalated disc width and ventricular weight.
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square millimeter in either apex or base (P>0.05).
Discussion
Although first described as early as 1901 (19) , a structural meaning was not given to the intercalated disc until 1954, when Sjostrand demonstrated by electron microscopy that the intercalated disc was in direct continuity with the sarcolemna (2). This finding strongly suggested that the myocardium was not a syncytium, but rather was composed of individually bounded cells. Since that time, although there have been several qualitative studies of the intercalated disc (1-15), there have been no quantitative ones.
WIDTHS OF INTERCALATED DISCS
In this study, the distribution of widths of the intercalated disc in the normal hearts was Comparison of number of multiple intercalated discs in the canine right ventricular base and apex. symmetrical, with a relatively narrow range of 0.35 to 1.5/A (Fig. 5) . In contrast, this distribution in the experimental hearts ranged from 0.35 to 4.5/x, overlapping and extending beyond the normals; 77% of the discs from the bases of the experimental right ventricles were at least 1.0/X in width, as compared with only 8% of the normals. This is in concert with Bishop and Cole's observation of an exaggeration in the longitudinal folding of the intercalated discs in hypertrophied ventricles. We postulate that this broadening of the folds strengthens the intercalated disc and allows it to meet the increased demands of pressureoverloaded cells. When a pressure overload is present, the increase in wall tension stimulates the intercalated disc to increase its surface area by broadening its folds, thereby strengthening its structure and allowing it to adapt to the increased stress. Another result of enlarging the surface area of the disc would be an increase in the flow rate of nutrients from cell to cell. In the experimental hearts, the presence of intercalated discs of normal width indicates that not all of the discs respond to a pressure-overload stimulus; this is consistent with the finding that not all myocardial cells increasein length after banding the pulmonary artery (16, 21) .
Circulation Research, Vol. XKVll, September 1970 The finding that intercalated discs are wider at the right ventricular base than at the apex in the experimental hearts may be related to tension, which is proportional to the product of pressure and radius. Therefore, with a pressure overload, the greater stimulus for production of broader folds of the intercalated disc would occur at the ventricular base, which has a greater radius than the apex. That tension is a determinant of width of the intercalated disc is supported by Muir (4), who observed more complex foldings in the transverse segments of the intercalated discs of papillary muscles than in those of the atrial myocardium; he suggested that the greater mechanical forces exerted on papillary muscle were responsible for this difference. However, the intercalated discs of the atrium and the ventricle have not been compared quantitatively and the finding of larger intercalated discs in the ventricle is as yet unestablished.
The major determinant for the production of myocardial hypertrophy is probably an increase in wall tension (22) . Therefore, the significant positive correlations that exist for the RV between mean width of the intercalated disc and wall thickness ( Fig. 6 ) and weight (Fig. 7 )support the concept that the broadening of the folds is proportional to the increase in tension. The better correlation with wall thickness than with weight may be attributed to the fact that the wall thicknesses were measured separately at the base and apex while ventricular weights were taken from the entire free wall.
Although the pressure overload was created in the RV, the intercalated discs in some of the left ventricles broadened; that is, after banding the pulmonary artery, the widths of the intercalated discs in three of the nine LV bases were greater than normal. This finding is consistent with our demonstration that banding the pulmonary artery produces left ventricular hypertrophy in some but not all of the hearts (Table 1 ) (16) . Our data indicates that a minimum of 40 weeks of banding the pulmonary artery was necessary to produce hypertrophy of the left ventricle. The mechanism by which this occurs is as yet unknown, however, it may be that both ventricles behave as a single structure in that a prolonged stress to one results in hypertrophy of both. Another possibility is that overloading the RV for a certain extended period of time causes the release of a substance that is transported to the LV and produces hypertrophy.
MULTIPLE INTERCALATED DISCS
As early as 1901, Heidenhain suggested that the intercalated disc is the site for myocardial cell growth (19) . Furthermore, Rumery et al. described that in tissue cultures the first appearance of myofibrils occurred along the lateral border of the myocardial cell (23) . This lateral border has been suggested as the locus for the formation of the intercalated disc. Huang reported that in the frog embryo, the intercalated disc appeared to serve as points of attachment for developing myofilaments and starting points for the differentiation of myofibrils (24) . Bourne demonstrated that the intercalated disc possesses considerable metabolic activity (25) . In addition, we previously demonstrated that the myocardial cell increases in length after banding the pulmonary artery by addition of sarcomeres (16) . We postulate that multiple intercalated discs may be involved in the formation of sarcomeres at the ends of cells during the hypertrophy process. It is suggested that the presence of multiple intercalated discs in the experimental heart may be considered an index of active myocardial cell growth.
The concept that tension acts as a stimulus for cell growth is supported by the studies of Rumery et al., who reported that in tissue cultures myofibrils differentiated and began to contract initially in those areas of the cell where tension was the greatest (23) . Also, Goss (26) and Stillwell (27) both found cytoplasmic tension a major factor in promoting and maintaining histodifferentiation in cardiac cells. In our hypothesis, the intercalated disc is a point of strain; tension first stimulates an initial broadening of the folds of the intercalated discs and then may trigger a growth mechanism involving multiple intercalated discs. Evidence that intercalated discs are points of strain comes from the work of Saphir and Karsner (28), who reported that when the myocardium is stressed by distention, the discs separate.
When subjected to a right ventricular pressure overload, myocardial cells increase to a greater degree in length and width at the RV base than at the apex (16) . Therefore, the present observation of a greater number of multiple intercalated discs per square millimeter at the base than at the apex of the RV is consistent with the hypothesis that more growth occurs at the base and is supported by our observation of a greater concentration of glycogen in the right ventricular base than apex after banding the pulmonary artery (17) . If multiple intercalated discs are an indication of growth, then their absence in some of the hypertrophied hearts might suggest that myocardial cell growth was completed. However, these hearts had RV pressures and durations of banding which were similar to other experimental hearts. Therefore, other factors may be responsible for the initiation and completion of myocardial cell growth during hypertrophy, for example, age of the animal, genetic background, nutrition, environmental conditions, and amount of activity of the caged animal.
The following changes were found in the intercalated disc after banding the pulmonary artery:
1. The folds of the intercalated disc were broadened at both the base and apex of the right ventricle, but to a greater degree at the base. Broadened folds were also found in some left ventricles, but to a lesser extent.
2. The increases in the width of the intercalated disc in the right ventricle were proportional to both ventricular wall thickness and weight.
3. Increases in the number of multiple intercalated discs occurred in the right ventricle between 17 and 40 weeks after banding of the pulmonary artery.
It is postulated that the broadening of the folds of the intercalated disc strengthens it and allows it to meet the increased demands of pressure-overloaded cells. Furthermore, it is suggested that multiple intercalated discs may be involved in a mechanism for the formation of new sarcomeres. 
